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1. INTRODUCTION 

As the growing demands of lighting applications to meet the higher living standard, it requires more 
efficient illuminating materials. Light emitting diodes (LEDs) and laser diodes are widely used materials in 
light emitting devices since they can provide high optical quality, however, there are still some aspects that 
can be improved for higher result. The lattice-mismatch causing high threading dislocation (TD) density of 
GaN developed on foreign substrates is one of the critical issues [1], [2]. In the traditional GaN on sapphire 
substrate the TD density can be up to 10°-10'° cm? [3]. Epitaxial lateral overgrowth (ELO), a promising 
technique that manages to prevent the dislocation from being propagated, has been extensively studied as a 
solution to achive lower dislocation density and higher the internal quantum efficiency (IQE) [4]. Besdies, 
the light extraction efficiency (LEE) in GaN-based LEDs is degraded by the total internal reflection (TIR), 
which occurs at a low angle and leads to discrepancy of refractive index between air and GaN. As a result, 
the light transmission from the multi quantum well (MQW) of LEDs to surrounding environment is quite low 
[5]. To enhance LEE, structures with air gaps attached to GaN-based LEDs were proposed and have shown 
positive results in IQE and external quantum efficiency (EQE) [6]-[8]. IQE in InGaN/GaN blue LEDs has 
received many improvements that are close to be 100%, therefore, it is more effective for EQE studies to 
research the solution LEE enhancement [9]. The epoxy or silicone encapsulating have the quality that is 
suitable for serial production with high cost-effectiveness, simple process. The encapsulation that covers the 
outside of GaN devices can reduce the refractive index discrepancy at the air-GaN interface and also enhance 
the LEE [8]. The patterned structure was also proposed to enhance the LEE by reducing the total internal 
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reflection [10]. The issue with this solution is that the encapsulation loses the effect from roughening when 
being utilized after texturing. Therefore, both encapsulation and texturing will cancel each other, which 
makes LEE enhancement from texturing greatly reduced if it is followed by the encapsulation application 
[11], [12]. From these reactions, the LEE and EQE by using both texturing and encapsulating should not be 
applied. Instead of applying to the outer side of LED, the texturing can be put inside LED layers. The reason 
for this solution is to prevent the later surface-encapsulation modifying the pattern on textured surface, thus 
making the simultaneous application of texturing and encapsulating become possible. If the two solutions are 
successfully combined, the LED package with GaN growth on the patterned sapphire substrate (PSS) can 
present 60% increase in lumen performance [13]. In particular, the slant patterns’ surfaces in the PSS divert 
TDs sideways and thus, decreasing TDs density directed at the surface, and boost the IQE [14]. Moreover, 
these PSS patterns’ slanted sides expand the angle of radiation transmission and lower the impact of TIR. 
Accordingly, the PSS shows broader cone angle of photon transmission to the substrate and photon 
reflection, compared to the non-patterned sapphire substrate. This also happens to the photons yielded from 
the lower side of MQW active region, leading to benefited LEE [15]. Considering these positive results, we 
arrange a structure that apply the PSS in designing an epitaxial structure for greater performance. 

Based on previous studies, it can be concluded that the air gaps with hollow three-sided prism and 
cone shapes on the conventional substrate are essential to get the desired epitaxial structure that can result in 
better LEE [16]. The air-void formation is carried out with the initial deposition of SiO2 nanoparticle layer on 
the traditional substrate, followed by the process of patterning, ELO and wet etching. So, if the substrate is 
PSS, the air-void and the PSS-surface patterns share the same position. However, it is difficult to get a 
uniform ELO due to the differences in the size and form of the air-void and the PSS patterns. Another 
solution that can be named is to use a film of hollow silica nanospheres for the reduction in TD density and 
pressure and the improvement in LEE [17]. This method carried out with the growth of silica nanospheres on 
the non-patterned sapphire substrate and the nano-scale ELO. Similar to the former, this combination did not 
attain the uniformity of ELO as the surface patterns of PSS and the silica nanospheres did not compatible in 
their dimension and shape. From these results, it can be seen that directly combining PSS with the air-voids 
or silica nanospheres developed on traditional substrate did not work as expected. This implies that the 
separation between the adjusted elements of the epitaxial structure and the surface of the PSS is essential to 
get the former to enhance not only crystalline quality but also scattered lights. Therefore, a LED structure 
with GaN nano-pillars was introduced to put this idea into practice and achieve the enhanced lighting 
efficiency [18], [19]. Besides from the modification of SiO2 concentration, the refractive index was also 
changed to match the amount of SiO2. The refractive index for silicone is 1.4, phosphor is 1.8, and S102 
particles is 2.23. As a result, the total refractive index of the mentioned components must be calculated with 
the following equation: RI=V;RIi+V2Rhb+V3RI3, In this equation, V1, V2 and V3 are the mass percentages of 
the materials in the layer. In lighting configuration with SiOz particles, the $102 was doped at the ratio of 1% 
to 3% of the phosphor material in the configuration. As a result, the refractive indices of the phosphor 
material in each layer were 1.428 and 1.445 [20]. The TFCalc32 simulation was employed as a tool to 
analyze the impacts of various refractive index in the layers. The result demonstrated that the extracted light 
from SiO2 configuration is almost identical to the amount obtained in the conventional configuration. This is 
due to the similar refractive index in these configurations are similar. This suggests that the light output 
improvement achieved in SiO2 configuration mostly comes from the scattering properties of SiO2. To 
accurately evaluate the impact of SiO2 particles, we applied the Muie-scattering theory to examine the 
scattering results of SiO2 nanoparticles at various concentrations. A simplified model with only the SiO2 
nanoparticles and silicone gel in the material layers were applied in the calculation to reduce the complexity 
and increase accuracy. The particle diameter is 300 nm and the SiOz scattering events were calculated at 1% 
and 3% SiO2. The measured result of refractive index at 460 nm for this configuration was 2.23, the 
scattering intensity was able to hit 100 % at 500 nm and began to drop at wavelength higher than 500 nm. 
The simulated outcomes and the testing results regarding the scattering efficiency were compatible. In the 
wavelength range from 300-700 nm, the scattering intensity was quite similar in lighting configuration with 
high amount of S102 [21]. 

The innovative LED structure with GaN nano-pillars located on the PSS and combining with SiO2 
nano-particles (NPs) is proposed to prevent the propagation of dislocations along the vertical direction of the 
air-void growth on sapphire substrate. The results shows that this LED structure can increase the lighting 
efficacy up to approximately 300%. The light output enhancement can be push even further by filling S102 
into the air-void among the nano-pillars [3]. As mentioned above, LED-surface texturing cannot effectively 
work to heighten the LEE as the subsequently encapsulating will degraded the LEE improvement of 
roughened surface. Therefore, the enhancement of lumen output recorded from the experiments could be 
considered to be yielded from inside the device. 
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2. PREPARATION AND COMPUTATION 
2.1. Preparation of SiO2 

The optical properties of SiO2 NPs embedded PSS LEDs used in the experiment were evaluated 
with reference to traditional PSS LEDs (without SiO2 NPs embedded nano-pillars). The process of SiO2- 
doped InGaN/GaN LED developed on PSS is depicted in Figure 1. Before doping the silica nano-particles, 
the undoped GaN layer (u-GaN) with the particle size of 3 um was deposited on the PSS using metalorganic 
chemical vapor deposition (MOCVD) method. Then, to create the nano-pillars in this GaN layer, a layer of 
SiO2 NPs with a thickness of 100 nm was placed on the surface of the u-GaN via plasma-enhanced chemical 
vapor deposition. Subsequently, a Ni film having 10-nm thickness was put on the SiO2 layer by e-beam 
evaporation. Next, the process of rapid thermal annealing (RTA) was carried out to this 3-layer sample of Ni, 
SiO2 and u-GaN to attain the Ni dot mask on top of the SiO2 layer, which is essential for the next etching 
process. The annealing process was operated with N2 flow and at the temperature of 850°C for about a 
minute. The silica nano-particle layer was then patterned with an etching technique of inductively coupled 
plasma (ICP) under O2 and CF; gases. Afterwards, the etching process was continued with the gas flow of 
Cl; to cut down the u-GaN thickness to 1.5 um [22]. The buffered oxide etchant was subsequently utilized to 
remove the remaining Ni dots on the top surface of the nano-pillars of the GaN template. S1O2 NPs, having 
particle size of 100 nm, were added into the air-void on the GaN nano-pillar template by using 5000-rpm spin 
coating for 30 seconds. The GaN nano-pillar with embedded SiO2 NPs was then applied for ELO process. A 
layer of GaN was regrown on the top of the nano-pillars, and after they became firmly attached, the layers of 
Si-doped n-GaN, InGaN/GaN multi quantum wells, and Mg-embedded p-GaN were placed, relatively. It is 
noted that the thickness of Si-doped n-GaN and Mg-embedded p-GaN layers are 3 um and 200 nm, in turn. 
Simultaneously, the reference structure of undoped GaN grown on PSS was packed for comparison. 

The field emission scanning electron microscope was applied used to capture the cross-section of the 
S102-embedded GaN-based LED. Photoluminescence mapping measurements were conducted at room 
temperature, with the excitation source of helitum—cadmium (He-Cd) laser using the 325 nm UV line, and 
having output power of 25 mW. The current-voltage (I-V) and light output power (L-I) characteristics were 
examined via using on-wafer probing with indium contacts. The comparison between the results of the S102- 
doped GaN nano-pillars on PSS and the reference GaN non-pillars template were demonstrated to evaluate 
the effectiveness of the simulated package. It is noted that the fabrication requirements for all types are 
similar, the only different is that in the modified GaN LED structure, the air-void on the nano-pillar template 
is filled with Si02 NPs. The enhanced performance concluded from the experiment is in comparison with the 
outcome from simulation. The target of using modified GaN structure and PSS is to enhance LEE by 
applying different setups; thus, the simulation is the tool to understand the mechanism and enable the fullest 
potential, which means different configurations can still support and complement each other even when the 
functions are overlapped. 





(a) (b) 


Figure 1. These figures are, (a) Photograph of WLEDs sample, (b) The simulated WLEDs model 


2.2. Scattering computation 
With Mie-scattering theory [23]-[26], the calculations of the scattering coefficient Usca(A), anisotropy 
factor g(A), and reduced scattering coefficient dsca(A) are conducted: 


Hya (4) = | NC a As) dr (1) 


g(A)=2n | | p(0, A,r) f (r) cos Od cos 8dr (2) 
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N(r) (mm?) and r (um) indicate the distribution density and radius of diffusive particles, respectively. Csca 
shows the scattering cross sections (mm7), p(0,/,r) means the phase function, à (nm) is the light wavelength, 0 
is the scattering angle (°C), and f(r) is the size distribution function of the diffusive particles in the 
phosphorous layer. The computation of f(r) can be expressed as: 


FO) = fap) + fotos (4) 


N(r) =N a(r) +N phos (1) 


= Ky Ly (0+ Fora) ©) 


As can be observed from the above equations, N(r) consists of the diffusive particle density Nair) 
and the phosphor particle density Npnos(r). fair) and fpnos(r) present the size distribution function data of the 
diffusive and phosphorus particles. Ky indicates the number of the diffusor unit for one diffusor concentration 
and can be computed via: 


c= Ky | Madr (6) 


Where M(r) is the mass distribution of the diffusive unit, proposed by equation: 
eke 
M (r) = 3 AY [Oas Saip (r) + Pad oia (r)] (7) 


Paif(’) and Pphos(r) show the density of diffusive particles and phosphor grains. Based on Mie theory, Csca can 
be reckoned by: 
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where k=27//, and the mathematic expressions of an and bn are: 
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Where x=k.r, m indicates the index of refraction, while Ya) and on) display the Riccati-Bessel function. 
Therefore, the relative refractive indices of diffusive and phosphor particles, (Mair) and (Mpnhos), in the silicone 


can be computed by using “r ~ ”ar [Pa and pias = Motos Ni ; then, the phase function can be: 
4nP(0,1,7r) 
0,A,r) = ————_ 
POA) =a (11) 


where 2074.7) S; (0) and S2(@) present the angular scattering amplitudes that can be computed by: 


BOO.2.")= 51 S,(O)P +1 S,(0) Ê] (12) 





s, = 5 2n+1 h (x,m)z, (cos 0) | 


m n(n+1)| +b, (x,m)r, (cos 0) (13) 
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Where, 

— N(r)is the number of diffusional particles (per cubic millimeter), or diffusional density distribution 
—  Csca 1s the scattering cross-section (in square millimeters) 

— jis the wavelength of the incident light (in nanometers) 

— ris the radius of each particle (in micrometers) 

— ĝis the scattering angle (degrees) 

— p(@,/,r) is the phase function 

— f(r) is the size distribution function of ZnO in the phosphor layer 

— g(d) is the anisotropy factor 

— x is the size parameter 

— mis the refractive index 

— anand b, are the expansion coefficient with even and odd symmetries, in turn 
— ,(cos@) and Tt,(cos@) are the angular dependent functions. 


An encapsulating process with SiO2 for CdSe—ZnS core-shell QDs in hydrophobic solvent was 
carried out. The purpose of this 2-stage process is to fabricate SiO2 nanocomposites with high QD 
concentration. The self-assembled QDs were prepared using spray-drying technique. This technique is used 
to evaporate the solvent and get the QDs in each droplet to be self-assembled by capillary force [17]. 
Particularly, the QDs mixed into toluene solvent were ultrasonically sprayed at the temperature of 250°C. 
During the spraying, the QDs aggregated to form complex-shaped porous clusters. These clusters were then 
uniformly blended into the hydrophilic ethanol. It is noted that the hydrophobic properties of self-assembled 
QDs are maintained after the spray-drying process. In the next stage, the tetraethyl orthosilicate (TEOS) and 
aqueous ammonia solution (NH4OH) were added to encapsulated assembled QD clusters with silica- 
nanocomposites. After a two-hour hydrolysis of TEOS and NH4OH, SiO2 nano-films were directly coated the 
QDs, and the SiO2-ecapsulated QD has a size of approximate 15 nm. Then, the hydrolytic reaction was 
continued to increase the particle size of QD-S102 nanocomposites to a few micrometers, see Figure 2. 
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Figure 2. Scattering coefficients of SiO2 particles at, (a) 450 nm, (b) 550 nm 


Accordingly, the photoluminescence (PL) spectra changing during the time of SiO2 encapsulating 
were observed and displayed in Figure 2. It showed a high degradation in the QD/SiO2-nanocomposite 
emission intensity after adding TEOS/NH,4OH. The sharp decline of QD emission intensity after forming 
SiO2 encapsulation was reported in several previous studied. This PL-intensity decrease can be demonstrated 
by the non-radiative recombination channels when the TEOS was added, as the hydrolyzed TOES could 
induced the damages on QDs’ surface during ligand exchange reaction, as shown in Figure 3. Particularly, 
the partially hydrolyzed TEOS molecules rapidly exchanged the ligands on QDs’ surface, leading to the 
disorganized distribution on QD surface, causing the PL intensity to drop. Besides, the OH? ions of NH4OH 
solution removed the organic ligands on QD’s surface, probably due to the formation of surface hydroxide 
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complexes and incomplete passivation. As a result, this contributed to the low intensity of QD-S10> 
nanocomposite particle. Thus, to enhance the SiO»z-encapsulated QD’s PL intensity, the NH4OH direct 
reaction should be prevented. Therefore, as NH4OH was applied for TEOS hydrolysis in our research, the 
reduction of PL is unavoidable, see Figure 4. 
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Figure 3. The phase function of SiOz particles at, (a) 450 nm, (b) 550 nm 
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Figure 4. The reduced scattering coefficient of SiO2 particles at different sizes and wavelength at, 
(a) 450 nm, (b) 550 nm 


In order to limit the reduction in the emission intensity of quantum dots when SiO2 encapsulation is 
formed, different methods including initial silanization [21] and formation of multiple shells on QDs were 
proposed. In details, the first silanization method was confirmed to be able to remain the quantum output of 
QD-Si0O2 nanocomposites as high as that of the original quantum dots. Hence, the initial silanization was 
adopted in this research for minimizing the deterioration rate in the intensity of QDs’ emission after the 
formation of silica encapsulation. The QDs were silanized by 10-minute stirring the mixture of 3- 
aminopropyl-triethoxysilane (APS) and spray-dispersed QD solution, followed by the addition of 
TEOS/NHzOH to increase the thickness of SiOz encapsulating layer. The preservation of the initial QD’s was 
observed after adding APS, see Figure 5. The PL intensity showed a very small reduction with the use of 
TEOS/NH.0OH when being reacted for 1 hour. As the reaction time became longer, the PL reduction was at 
about 15-20%, however, this rate is much lower than that of the APS-free synthesis. In this case, the PL 
intensity drop could be attributed to the incomplete passivation on QD’s surface by APS. 
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Figure 5. The scattering cross section of SiOz particles at different sizes and wavelength at, 
(a) 450 nm, (b) 550 nm 


3. RESULTS AND DISCUSSION 

The lumen output at various SiO2 particles amounts was calculated and demonstrated in Figure 6. At 
the starting point of 1% concentration, the SiO2 configuration has shown 12% higher light output in 
comparison to the value of the conventional configuration. The optical properties of the SiOz particles that 
improved the extraction of blue light have enabled the yellow light to reach higher intensity and resulted in 
better luminous flux. The explanation for this phenomenon is that the longer scattering wavelength of blue 
light making the stimulation of yellow phosphor becomes more likely, which leads to the increased yellow 
light. The luminous flux in SiO2 configuration is only better in the a certain amount of concentration, as the 
amount of SiOz rises, the light output begins to decrease because the emitted lights were trapped in the 
structure, and the re-absorption happened between the materials. In Figure 7 is the CCT deviation in WLEDs 
structure corresponding to various SiO2 concentrations. The default correlated color temperature in the 
simulated model dropped from 5319 K to lower values as the amount of SiO2 in the structure continued to 
rise, a result yielded from the increased yellow light in the structure. The luminous flux with power sources 
from 50 to 500 mA can be inferred from the integrated sphere model presented in Figure 7. The results have 
shown that with 1% of SiOz particles in the structure, the achieved luminous flux was already higher than the 
conventional model with any power source. The SiOz particles are also effective in preventing the 
Lambertian blue light from breaking out of the structure through the silicone layer, which eventually 
increases the light output of the structure. 
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The results of angular correlated color temperature in WLEDs packages that were calculated and 
presented in Figure 7 confirmed the effect of SiO2 nanoparticles in enhancing the color quality of WLEDs. 
The results of Figure 7 illustrated that the color temperature deviation at different angles decreased once the 
S102 particles were introduced into the structure, and this effect grew stronger as the concentration of SiO2 
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increased. In LEDs configuration without the presence of SiO», the obtained blue light is at a high amount, 
which leads to high correlated temperature of 5319 K in the conventional configuration and low color 
quality. As the SiOz particles were doped into the lighting device, the CCT deviation began to improve. The 
most noticeable improvement was the eradication of color deviation at 0° and 70°, a result that proved the 
effect of SiO» in strengthening the performance lighting configuration. However, to understand further the 
optical influences of SiO2 layer, experiments regarding the transmission, absorption were conducted. The 
results when compared to the conventional configuration confirmed that the absorption ability of S102 layer is 
32% to 42% higher at 460 nm wavelength. This absorption ability in the S102 creates more yellow light in the 
S102 structure, which eventually increases the lighting efficiency. 


4. CONCLUSION 

This research examines and proposes an innovative LED structure to achieve better optical 
performance. The LEDs we suggested utilized the SiO2 NPs in nano-pillars and an empty space attached to 
the GaN layer in the PSS inside LEDs. The results from the experiment showed the lumen output increased 
by 13.5% in accordance to IQE enhancement. The simulation suggested that nano-pillar on GaN template 
helps to trap the upwardly excited photons, and get the crowded photons scattered, which is beneficial to the 
enhancement of the light extraction efficiency of the LED package. 
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